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Hypokalemia is a common electrolyte disturbance, which is present in over 20% of hospitalized patients.^[@R1]^ Defined as serum \[K^+^\] \<3.6 mmol/L, hypokalemia is associated with in-hospital mortality rates that are 10-fold higher than that of the entire hospitalized population.^[@R2]^ The increased mortality is linked to a 5-fold elevated incidence of ventricular fibrillation in patients with hypokalemia compared with patients with normokalemia.^[@R3]^ Patients with hypokalemia also have a higher risk of atrial fibrillation; an association that is independent of age, sex, serum \[Mg^2+^\], and other potential confounders.^[@R4]^ Understanding the proarrhythmic role of hypokalemia in these 2 conditions thus has important implications for preventative treatment in a large number of patients.

The arrhythmogenic effects of hypokalemia have been suggested to result from an increased propensity for ectopic (triggered) activity. While the underlying mechanisms in atrial cardiomyocytes are unclear, considerable evidence from ventricular myocytes has linked triggered activity during hypokalemia to dysregulated cellular Ca^2+^ homeostasis. Initially, reduction in extracellular K^+^ levels (\[K^+^\]~o~) decreases the magnitude of Ca^2+^ transients, as rapid hyperpolarization of the cell membrane augments driving force for Na^+^-Ca^2+^ exchanger (NCX)-mediated Ca^2+^ extrusion and temporarily reduces sarcoplasmic reticulum (SR) Ca^2+^ content and release.^[@R5],[@R6]^ However, lowered K^+^ levels also inhibit the Na^+^, K^+^-ATPase (NKA), reducing NCX-mediated Ca^2+^ extrusion and leading to progressive cellular Ca^2+^ overload.^[@R7]--[@R10]^ Thus, the overall pattern of change in Ca^2+^ transients is biphasic, as the eventual increase in SR Ca^2+^ content at steady state produces larger Ca^2+^ transients than are present in normokalemic conditions.^[@R6]^ Spontaneous Ca^2+^ release from the overloaded SR is removed from the cell by NCX, resulting in a phasic depolarization classified as an early afterdepolarization (EAD) or delayed afterdepolarization (DAD), depending on whether it occurs during the action potential (AP) or between beats. EADs are additionally promoted by prolongation of the AP during hypokalemia, which occurs as repolarizing K^+^ currents are inhibited by lowered \[K^+^\]~o~.^[@R7]^ The longer AP allows recovery of L-type Ca^2+^ channels from inactivation, and recent evidence has suggested that activation of CaMKII (Ca^2+^-calmodulin kinase II) by rising Ca^2+^ levels may additionally favor L-type channel reactivation.^[@R11]^

Although hypokalemia is also associated with atrial fibrillation, it is uncertain if and how hypokalemia promotes triggered activity in atrial cardiomyocytes. Myocyte structure and Ca^2+^ homeostasis are fundamentally different in ventricular and atrial myocytes, as atrial cells generally exhibit a low, but variable density of t-tubules and associated Na^+^ and Ca^2+^ handling proteins.^[@R12],[@R13]^ Thus, it is not intuitive that exposure of atrial cells to hypokalemic conditions will result in Ca^2+^ overload in a manner resembling ventricular cells. Furthermore, the AP is much briefer in atrial cells, which might deter EAD generation due to delayed repolarization and reactivation of L-type Ca^2+^ channels. However, recent work has indicated that cells with abbreviated APs may be susceptible to phase-3 EADs driven by nonequilibrium reactivation of Na^+^ current (I~Na~).^[@R14],[@R15]^ It is unknown if hypokalemia would facilitate this mechanism.

In the present work, we identify distinct mechanisms which lead to triggered activity in ventricular and atrial cardiomyocytes during hypokalemia. We show that Ca^2+^ overload and accompanying Ca^2+^ waves/DADs are robustly induced in hypokalemic rat ventricular cells, and in a subpopulation of atrial cells which contain t-tubules. These effects are attributed to a close functional pairing of NKA and NCX proteins within these structures. While EADs are induced by both Ca^2+^ waves and L-type channel reactivation in ventricular cells, we show that brief APs in untubulated hypokalemic atrial cells promote phase-3 EADs during hypokalemia driven by nonequilibrium I~Na~ reactivation.

Methods
=======

The data that support the findings of this study are available from the corresponding author upon reasonable request.

A detailed methods description and Major Resources Table are provided in the [Data Supplement](https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.119.315641).

This study was approved by the Norwegian Animal Research Authority (FDU application number 7786) under the Norwegian Animal Welfare Act and conformed with Directive 2010/63/EU of the European Parliament.

Recordings of Ca^2+^ Transients and Waves
-----------------------------------------

Myocytes were isolated from the left ventricle and both left and right atrium of male Wistar rats, as described previously.^[@R12]^ Cells were then loaded with 20 μM fluo-4 AM (Molecular Probes, Eugene, OR) for 10 minutes, plated on laminin-coated coverslips, and placed in a superfusion chamber mounted on an inverted microscope. Characterization of whole-cell Ca^2+^ transients was performed during field-stimulation at 1 Hz. In an initial 2-minute control period, myocytes were superfused at 37°C with a solution containing (in millimolar): NaCl 140, KCl 5.0, MgCl~2~ 0.5, NaH~2~PO~4~ 0.4, CaCl~2~ 1.0, Hepes 5, D-glucose 5.5, pH adjusted to 7.4 with NaOH. Hypokalemia was then simulated by rapidly reducing \[K^+^\]~o~ from 5.0 to 2.7 mmol/L via a rapid-solution changer for the ensuing 3 minutes. In follow-up experiments, the incidence of Ca^2+^ waves was investigated during a 30-second pause in the stimulation. SR Ca^2+^ content was estimated by rapid application of 10 mmol/L caffeine (Sigma-Aldrich) and measuring the magnitude of the resulting Ca^2+^ transient. Ca^2+^ transients elicited by 1 Hz field stimulation during continuous caffeine superfusion were employed to examine rates of Ca^2+^ extrusion.^[@R16]^

T-Tubule Imaging in Isolated Cardiomyocytes
-------------------------------------------

Quantification of t-tubule structure in isolated ventricular and atrial myocytes was performed by staining cells with 10 µmol/L di-8-ANEPPS (Invitrogen, Paisley, United Kingdom) or with CellMask Orange (1:1000 dilution; Thermo Fisher Scientific, Waltham, MA; C10045). For each cell, t-tubule density was determined by thresholding the image intensity of the entire cell by the Otsu method, using an automated algorithm in ImageJ (National Institutes of Health). The t-index^[@R17]^ was then calculated for the myocyte interior, defined as the percentage of the cellular cross-sectional area, excluding the nucleus, occupied by above-threshold pixels. Cells exhibiting a t-index of ≥ 2% were defined as being tubulated.^[@R12]^ Detubulation was performed using a protocol similar to that described by Kawai et al.^[@R18]^

Monitoring of Intracellular Na^+^
---------------------------------

Intracellular Na^+^ levels were assessed in myocytes loaded with SBFI AM (Thermo Fischer) and 0.15% Pluronic F-127 for 45 minutes.^[@R16],[@R19]^ Cardiomyocytes were field stimulated and superfused with the same normokalemic and hypokalemic solutions as used in the fluo-4 experiments (1 Hz pacing, 37°C).

Immunocytochemistry and Imaging
-------------------------------

Isolated cardiomyocytes were seeded on coated coverglasses, before fixation with 4% paraformaldehyde, and permeabilization with 0.5% Triton X-100 (Sigma-Aldrich). The following primary and secondary antibodies were used at the indicated dilutions: NCX (Swant, R3F1, 1:100), NKA-α1 (Merck Millipore, 05-369, 1:100), NKA-α2 (Merck Millipore, 07-674, 1:100), F(ab')2-goat anti-mouse IgG (H+L) secondary antibody (Alexa Fluor 488, Thermo Fisher, A-11017, 1:200), and F(ab')2-goat anti-mouse IgG (H+L) secondary antibody (Alexa Fluor 546, Thermo Fisher, A-11071, 1:200). Cells were imaged on an LSM-800 confocal microscope (Carl Zeiss AG, Oberkochen, Germany) in Airyscan mode.

Immunocytochemistry was additionally performed on rapidly excised ventricular and atrial tissue, frozen in Tissue Tek O.C.T. compound (Sakura Fintek, Torrance, CA). Ten micrometer tissue sections were transferred to microscope slides, fixed in 4% paraformaldehyde, and permeabilized with 0.5% Triton X-100 (Merck). Subsequent antibody labeling and Airyscan imaging were performed as described above for isolated cardiomyocytes. T-tubules were labeled in intact cardiac tissue using caveolin-3 antibody (Abcam, ab2912) at 1:100 dilution. For all employed immunolabels, imaging was performed with secondary antibodies alone to exclude the influence of nonspecific fluorescence.

Patch-Clamp Experiments
-----------------------

Both current- and voltage-clamp experiments were performed using 1 to 2 MΩ pipettes, an Axoclamp-2B amplifier (Axon Instruments, Foster City, CA), and pCLAMP software (Axon Instruments). APs were recorded in bridge-mode and elicited by 3 ms supra-threshold current steps at 1 Hz. Effects of inhibition of ultra-rapid K^+^ current (I~Kur~) on AP configuration were assessed during rapid application of 50 µmol/L 4-aminopyridine (4-AP). This concentration has been previously shown to almost completely block I~Kur~ while having minimal influence on other currents such as transient outward K^+^ current (I~TO~).^[@R20],[@R21]^ EADs were defined as positive voltage deflections during the downstroke of AP repolarization with a minimum amplitude of 2 mV. DADs were defined as minimum 2 mV depolarizing deflections from resting potential. AP duration was measured as time from the upstroke to 25%, 50%, and 75% repolarization (APD~25~, APD~50~, APD~75~), and full duration was defined as repolarization to 5 mV above resting membrane potential.

Membrane currents were recorded in discontinuous voltage-clamp, using a switching rate of 8 kHz. NKA currents were recorded based on a described protocol,^[@R6]^ using hyperpolarizing voltage ramps from +70 to −120 mV, and defined as the reduction in current when extracellular K^+^ was rapidly removed (illustrated in Online Figure IA and IB). Steady-state K^+^ currents were measured at the end of 500 ms depolarizing voltage steps from −70 mV to a range of potentials (illustrated in Online Figure IIA). In further experiments, the contribution of I~TO~ to steady-state current was inhibited using a 1 second inactivating voltage step from −70 mV to +50 mV, before test steps to a range of potentials (illustrated in Online Figure IIIA, described in study by Wang et al^[@R22]^). NCX activity was examined using the tail current elicited by repolarization following a 100 ms voltage step from −45 to 0 mV (illustrated in Online Figure IV).^[@R6]^

Western Blotting and PCR Analyses
---------------------------------

Expression of KCNA5/K~v~1.5 was examined by qPCR and Western blotting, as described in study by Røe et al^[@R23]^ and Lipsett et al^[@R24]^, respectively.

Mathematical Modeling
---------------------

A computational simulation of the time-dependent effects of hypokalemia on Na^+^ and Ca^2+^ homeostasis was performed by adapting the model of Terkildsen et al^[@R25]^ wherein a set of ordinary differential equations describes the electrophysiology of the rat ventricular cardiomyocyte. For the purpose of this study, crosstalk between NCX and NKA activity was simulated by including a new dimensionless parameter NCX~rev~ to scale the intracellular Na^+^ concentration (Na~i~) sensed by the exchanger:
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Increasing NCX~rev~ thus effectively augmented the proportion of exchanger activity operating in reverse mode, as expected when NCX is localized closer to NKA and higher local Na^+^ levels. Hypokalemia experiments were simulated by instantaneously changing \[K^+^\]~o~ from 5.0 to 2.7 mmol/L. After each modification of the model, steady state was reached by integrating the model equations over 10 000 beats.

Computational analysis of atrial myocyte electrophysiology was performed using our established human atrial cell model,^[@R26]^ recently updated with a Markov model of I~Na~.^[@R14]^ Experimental voltage recordings were used as inputs in AP-clamp simulations to reveal underlying dynamics of Na^+^ and Ca^2+^ currents. Model code is available for download at: <https://somapp.ucdmc.ucdavis.edu/Pharmacology/bers/> or <http://elegrandi.wixsite.com/grandilab/downloads>.

Statistics
----------

All data were tested for normality of distribution using a Shapiro-Wilk test. Normally distributed data were compared with Student *t*-test or ANOVA with Bonferroni correction for multiple comparisons, as appropriate. Non-normal distributions were examined with a Wilcoxon signed-rank test, Mann-Whitney rank-sum test, or Kruskal-Wallis analysis on ranks with Dunn correction for multiple comparisons. Two-factor comparisons were performed by 2-way ANOVA with Bonferroni correction; results of post hoc comparisons are presented in the Online Tables. Differences in proportions were determined by *z*-test. *P* values \<0.05 were considered statistically significant. All data were analyzed by Sigmaplot software (Systat Software, Chicago) and are presented as mean±SE.

Results
=======

Effects of Hypokalemia on Ca^2+^ Transients and Waves in Ventricular and Atrial Cardiomyocytes
----------------------------------------------------------------------------------------------

Effects of hypokalemia on isolated rat ventricular and atrial cardiomyocytes were simulated by lowering \[K^+^\]~o~ from 5.0 to 2.7 mmol/L for 3 minutes, during continuous 1 Hz pacing. In agreement with previous work,^[@R6]^ we observed that ventricular myocytes exhibited a biphasic change in Ca^2+^ transient amplitude (Figure [1](#F1){ref-type="fig"}A). Lowering of \[K^+^\]~o~ was associated with an initial depression of Ca^2+^ transients, followed by a rising phase which ultimately yielded larger transients than present in normokalemia. This second phase of the response was associated with an increased incidence of spontaneous Ca^2+^ waves when the stimulation was paused (Figure [1](#F1){ref-type="fig"}B).

![**Hypokalemia promotes a steady-state increase in Ca^2+^ transients and Ca^2+^ waves in ventricular myocytes and a subpopulation of atrial myocytes.** **A**, In field-stimulated ventricular cells, rapidly lowering \[K^+^\]~o~ from 5.0 to 2.7 mmol/L produced an initial depression of Ca^2+^ transient magnitude. A secondary rising phase followed which ultimately yielded larger Ca^2+^ transients compared with control conditions (right, n=15 cells, 8 hearts). A similar biphasic response to hypokalemia was observed in some atrial cardiomyocytes (13 of 31 cells, 10 hearts), with associated over-activity (arrow). Other atrial cells exhibited only a monophasic reduction in Ca^2+^ transient amplitude. **B**, Ca^2+^ waves were assessed during pauses in the electrical stimulus. Ventricular cells and those atrial cells which exhibited a biphasic response demonstrated an increased frequency of Ca^2+^ waves during hypokalemia. For Ca^2+^ wave measurements, n~cells~=17, 7, 12; n~hearts~=10, 5, 11 in ventricular, biphasic atrial, and monophasic atrial populations. Statistics: Wilcoxon signed-rank test.](res-126-889-g002){#F1}

More variable effects of hypokalemia were observed in atrial cardiomyocytes; while some of these cells (13 of 31 cells) exhibited a biphasic response similar to that observed in ventricular cells, other cells showed only a monophasic decline, with a steady-state reduction in Ca^2+^ transient amplitude (Figure [1](#F1){ref-type="fig"}A). This variability in the response to lowered \[K^+^\]~o~ was comparable in cells isolated from the left and right atria, as biphasic responses were observed in 59% and 38% of cells, respectively. In keeping with observations in ventricular cells, atrial cells which displayed a biphasic response leading to larger Ca^2+^ transients exhibited an increased incidence of spontaneous Ca^2+^ waves (Figure [1](#F1){ref-type="fig"}B). However, Ca^2+^ wave frequency was not increased in atrial cells which exhibited a monophasic reduction in Ca^2+^ transients.

The Biphasic Response to Hypokalemia Is Dependent on T-Tubules
--------------------------------------------------------------

As recent reports have shown that t-tubule organization is variable between individual atrial cells,^[@R12],[@R27]--[@R29]^ we investigated whether such differences could account for the differing effects of hypokalemia on Ca^2+^ transients and waves. Imaging in intact tissue and isolated cells showed that while all ventricular myocytes exhibited a high density of well-organized t-tubules, atrial tissue contained distinct populations of tubulated and untubulated myocytes (Figure [2](#F2){ref-type="fig"}A and [2](#F2){ref-type="fig"}B). In those atrial cells that were tubulated, t-tubule density remained well below that of ventricular cells (Figure [2](#F2){ref-type="fig"}C), and tubules were generally disorganized in appearance. Paired imaging of t-tubules and Ca^2+^ revealed that only tubulated atrial myocytes showed a biphasic response to hypokalemia (n~cells~=12), while untubulated cells exhibited a monophasic, steady-state reduction in Ca^2+^ transient amplitude (n~cells~=7; Figure [2](#F2){ref-type="fig"}D). Furthermore, experimentally detubulating ventricular cells by osmotic shock reproduced the monophasic decline in Ca^2+^ transients observed in untubulated atrial cells (t-tubule density: 18.2±0.7% in control versus 3.4±0.3% in detubulated, n~cells~=40 control versus 40 detubulated, *P*=1.81×10^−22^ by paired *t*-test; Ca^2+^ transient amplitude: F/F~0~=2.35±0.19 in normokalemia versus 2.01±0.13 at 3-minute hypokalemia, n~cells~=10, *P*=5.12×10^−3^ by Wilcoxon signed-rank test). These data support that the presence of t-tubules promotes the proarrhythmic biphasic response of Ca^2+^ transients to hypokalemia.

![**The biphasic Ca^2+^ transient response to hypokalemia requires t-tubules.** **A**, T-tubule staining in intact tissue and isolated cells (caveolin-3 and di-8-ANEPPS, respectively) revealed a dense and well-organized t-tubule network in ventricular cells (scale bars=10 µm). T-tubules were only observed in approximately one-third of atrial cells (**B**, 21 of 56 cells, 4 hearts), and when present, these tubules were less well organized and at lower density (**C**) than in ventricular cells (40 cells, 3 hearts). **D**, Paired imaging of t-tubules and Ca^2+^ revealed that only tubulated atrial cells exhibited a biphasic response to hypokalemia (n=12 cells, 10 hearts), while untubulated cells exhibited a monophasic decline in Ca^2+^ transient amplitude (n=7 cells, 5 hearts). A similar monophasic decline in Ca^2+^ transients was reproduced in experimentally detubulated ventricular myocytes (n=10 cells, 3 hearts). Statistics: (**B**): *z*-test; (**C**): Mann-Whitney rank-sum test.](res-126-889-g003){#F2}

T-Tubular NKA-NCX Crosstalk Drives Ca^2+^-Dependent Arrhythmogenesis
--------------------------------------------------------------------

Previous work in ventricular myocytes suggested that reduced activity of the NKA during hypokalemia promotes intracellular Na^+^ accumulation sensed by NCX, leading to reduced Ca^2+^ extrusion and gradual loading of the SR with Ca^2+^.^[@R6],[@R7]^ While both NKA and NCX are highly localized in t-tubules in the ventricle, the distribution of these transporters in atrial cells is unknown. Immunolabeling and Airyscan imaging of intact tissue and isolated cells confirmed the presence of the α~1~ NKA isoform in both the surface membrane and t-tubules of ventricular cells and showed that this isoform was similarly localized in tubulated atrial cells (Figure [3](#F3){ref-type="fig"}A and [3](#F3){ref-type="fig"}B). Of note, untubulated atrial cells also expressed α~1~ NKA in the surface membrane. The α~2~ NKA isoform was robustly present in ventricular cells, with particular prevalence within t-tubules, as reported previously (Figure [3](#F3){ref-type="fig"}A).^[@R19],[@R30]^ However, NKA α~2~ expression was very low in both tubulated and untubulated atrial myocytes; staining was limited to the intercalated disk regions adjoining neighbouring cells, and no expression was observed in t-tubules when they were present (Figure [3](#F3){ref-type="fig"}B). This finding suggests that the presence of the α~2~ NKA isoform in t-tubules is not a requirement for a biphasic response to hypokalemia. Indeed, preferential blockade of this isoform with low-dose ouabain (0.3 µmol/L, see study by Swift et al^[@R19]^) inhibited the biphasic response in ventricular cells but not in tubulated atrial cells (Figure [3](#F3){ref-type="fig"}C).

![**The NKA (Na^+^, K^+^-ATPase) and Na^+^-Ca^2+^ exchanger (NCX) are robustly expressed within the t-tubules of both ventricular and atrial cardiomyocytes.** **A**, Immunolabeling in intact tissue and isolated ventricular cells showed a robust expression of the α~1~ NKA isoform in both the surface membrane and t-tubules, while the α~2~ isoform was preferentially expressed in t-tubules. **B**, In atrial cells, NKA α~1~ was expressed in both the surface membrane and, when present, the t-tubules. NKA α~2~ expression was low in atrial cells, never present in t-tubules, and appeared limited to the intercalated disks. NCX (right) was robustly expressed in both the surface membrane and t-tubules of ventricular and atrial cells. **C**, In ventricular cells, preferential blockade of NKA α~2~ with 0.3 µmol/L ouabain^[@R19]^ inhibited the biphasic response of Ca^2+^ transients to hypokalemia (5 of 5 cells). In atrial cells, both biphasic (7 cells) and monophasic responses (3 cells) continued to be observed in the presence of low-dose ouabain, in agreement with limited α~2~ expression in these cells. Scale bars in (**A**) and (**B**)=10 µm in zoomed-out images, 2 µm in enlargements.](res-126-889-g004){#F3}

Measurements of NKA activity also did not identify differences between tubulated and untubulated cells which could account for distinct responses to hypokalemia. NKA current, measured as the K^+^-sensitive current obtained during hyperpolarizing voltage ramps (protocol illustrated in Online Figure I), was similarly reduced during hypokalemia in ventricular, tubulated, and untubulated atrial cells (Figure [4](#F4){ref-type="fig"}A). This modest inhibition of NKA activity was insufficient to elevate global cytosolic Na^+^ levels during 3 minutes of hypokalemia, as assessed by experiments with the Na^+^-sensitive dye SBFI (Figure [4](#F4){ref-type="fig"}B, protocol illustrated in Online Figure VB). Maintenance of global \[Na^+^\] during hypokalemia paralleled a similar lack of increase in resting \[Ca^2+^\] in both ventricular and atrial myocytes (resting F~Ko=2.7~/resting F~Ko=5.0~=1.02±0.02 in ventricle, 1.03±0.01 in atria, n~cells~=15, 30; *P*=0.542, 0.054 by Wilcoxon signed-rank test, paired *t*-test). Experiments with low-dose ouabain, as described in Figure [3](#F3){ref-type="fig"}C, also failed to increase global \[Na^+^\], despite a demonstrated ability of SBFI to detect concentration changes as small as 1 mmol/L (Online Figure VA).

![**Decreased Na^+^, K^+^-ATPase (NKA) activity during hypokalemia inhibits Ca^2+^ extrusion by t-tubular Na^+^-Ca^2+^ exchanger (NCX), elevating sarcoplasmic reticulum (SR) Ca^2+^ content.** **A**, NKA activity was measured during hyperpolarizing voltage ramps and calculated as the K^+^-sensitive current (see Online Figure I for protocol and representative traces). Hypokalemia induced a modest and similar reduction in NKA current in ventricular myocytes and atrial cells, regardless of the presence of t-tubules (n~cells~=10, 7, 9; n~hearts~=4, 4, 5 in ventricular, tubulated atrial, untubulated atrial cells). **B**, SBFI experiments revealed no change in global cytosolic \[Na^+^\] during the protocol (n~cells~=12, 8; n~hearts~=4, 4 for ventricular, atrial cells). **C**, However, tubulated cells showed slowed Ca^2+^ removal by NCX during hypokalemia, as indicated by the declining phase of Ca^2+^ transients stimulated in the continuous presence of 10 mmol/L caffeine (change in tau values shown at right, n~cells~=8, 16; n~hearts~=3, 5, in ventricular, tubulated atrial cells, *P*=0.016, 0.011 vs K~o~=5.0 by Wilcoxon signed-rank test). No change in Ca^2+^ removal rate was observed in untubulated atrial cells (n~cells~=16; n~hearts~=5; *P*=0.912). Transient magnitude during K~o~=2.7+caffeine: F/F~0~=1.46±0.07, 1.66±0.12, 1.57±0.08 in ventricular, tubulated, and atrial cells. **D**, Ventricular cells and tubulated atrial cells exhibited increased SR Ca^2+^ content during hypokalemia, as assessed by the magnitude of caffeine-induced Ca^2+^ release (n~cells~=8, 7, 7; n~hearts~=6, 6, 5 in ventricular, tubulated atrial, untubulated atrial cells; representative traces illustrated in Online Figure VI). Statistics: (**A**): 2-way repeated measures ANOVA with Bonferroni correction (see Online Table II for full results); (**B**): Kruskal-Wallis test (difference in medians: *P*=1.000, 1.000 in ventricular, atrial cells); (**C**): Kruskal-Wallis test with Dunn correction (difference in medians: *P*=0.023); (**D**): paired *t*-test. \**P*\<0.05 vs K~o~=5.0.](res-126-889-g005){#F4}

Since NKA function alone could not account for the key role of t-tubules in promoting Ca^2+^ overload during hypokalemia, we next examined NCX localization and function. As expected, immunolabeling in intact ventricular tissue and isolated cells revealed dense NCX localization in surface membrane and t-tubules (Figure [3](#F3){ref-type="fig"}A). Similar staining was observed in atrial cells, with robust staining in the t-tubules, when they were present (Figure [3](#F3){ref-type="fig"}B). NCX activity was assessed by fitting the decay phase of the Ca^2+^ transients stimulated in the continuous presence of caffeine. Ventricular cells exhibited slowed Ca^2+^ extrusion by NCX during hypokalemia (Figure [4](#F4){ref-type="fig"}C, left, *P*=0.016 versus K~o~=5.0 mmol/L by Wilcoxon signed-rank test). A similarly slowed time course of NCX-mediated Ca^2+^ removal was observed in patch-clamped ventricular myocytes, measured during the tail current following triggering of L-type Ca^2+^ current (Online Figure IV). This finding suggests that although no change in global cytosolic Na^+^ levels was detected, NKA inhibition during hypokalemia leads to Na^+^ accumulation which is sensed by t-tubular NCX, perhaps due to close co-localization of the proteins. A resulting reduction in NCX-mediated Ca^2+^ removal during hypokalemia was associated with elevation of SR Ca^2+^ content (Figure [4](#F4){ref-type="fig"}D, left, protocol illustrated in Online Figure VIA), providing the basis for the observed steady-state increase in Ca^2+^ transients and Ca^2+^ waves in ventricular cells. Similar observations were made in tubulated atrial cells, as reduced Ca^2+^ removal by NCX during hypokalemia (Figure [4](#F4){ref-type="fig"}C) was also associated with elevation of SR Ca^2+^ content (Figure [4](#F4){ref-type="fig"}D). In untubulated atrial cells, however, NCX-mediated Ca^2+^ removal was not slowed at the conclusion of the hypokalemic period. Any local elevation of Na^+^ was therefore not sensed by NCX, while augmented Ca^2+^ removal by NCX, particularly during early hypokalemia, lead to reduced SR Ca^2+^ content (Figure [4](#F4){ref-type="fig"}D), small steady-state Ca^2+^ transients (monophasic response, Figure [1](#F1){ref-type="fig"}A), and low incidence of Ca^2+^ waves (Figure [1](#F1){ref-type="fig"}B).

We further investigated the role of t-tubular NKA-NCX crosstalk in driving Ca^2+^ overload during hypokalemia by employing a mathematical model of the rat ventricular cardiomyocyte (adapted from study by Terkildsen et al^[@R25]^). In agreement with observations in cellular experiments, reducing \[K^+^\]~o~ from 5.0 to 2.7 mmol/L in the model produced a biphasic response of both SR Ca^2+^ content and Ca^2+^ transient magnitude (Figure [5](#F5){ref-type="fig"}A). However, under baseline conditions, the time course of the rising phase of the response was markedly slower than that observed experimentally, perhaps reflecting the lack of accommodation for protein colocalization in the model. To simulate a closer relationship between NKA and NCX with a shared local pool of Na^+^, the fraction of NCX operating in reverse-mode (NCX~rev~) was increased in a stepwise manner. This intervention resulted in a stepwise augmentation and acceleration of the biphasic response (Figure [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}B) and slowing of the decay phase of the Ca^2+^ transient (Figure [5](#F5){ref-type="fig"}D), as the modest rise in cytosolic Na^+^ levels induced by NKA inhibition was sensed by NCX. The necessity for such sensing was further demonstrated by removing reverse-mode NCX function in the model, which resulted in a monophasic decline in Ca^2+^ transient magnitude and no change in Ca^2+^ decay kinetics (Figure [5](#F5){ref-type="fig"}A and [5](#F5){ref-type="fig"}D), resembling responses in untubulated myocytes. Sensitivity analyses indicated that the biphasic response could not be similarly inhibited by reducing other t-tubular ion fluxes (Na^+^ and L-type Ca^2+^ currents; Figure [5](#F5){ref-type="fig"}C), further supporting a cooperative and central role of NKA and NCX in driving Ca^2+^ overload. A schematic summarizing these findings is shown in Figure [8](#F8){ref-type="fig"}.

![**Close Na^+^, K^+^-ATPase (NKA)-Na^+^-Ca^2+^ exchanger (NCX) crosstalk drives the biphasic Ca^2+^ transient response to hypokalemia**. A mathematical model of the rat ventricular cardiomyocyte was employed to investigate the contribution of various ion channels and transporters to changes in cellular \[Na^+^\], SR Ca^2+^ content, and Ca^2+^ transients. **A**, With baseline model settings (blue lines), reducing \[K^+^\]~o~ from 5.0 to 2.7 mmol/L triggered a modest accumulation of intracellular \[Na^+^\], and a biphasic response of SR Ca^2+^ content and Ca^2+^ transients which occurred over a markedly longer time course than that observed experimentally. To simulate greater crosstalk between NCX and NKA, the fraction of NCX operating in reverse mode (NCX~rev~) was increased in a step-wise manner, which produced an augmented and accelerated biphasic response (see also enlargement of the first 1000 s in \[**B**\], presented normalized to \[K^+^\]~o~=5.0). Removing the NCX~rev~ contribution prevented any secondary rise in Ca^2+^ transients, in resemblance to experiments in untubulated cells. **C**, Sensitivity analyses were performed to examine the effects of modulating individual ion fluxes±5%. Reducing t-tubule-associated fluxes such as I~Na~ (g~Na~) or the number of L-type-RyR units (LCC-RYR) did not inhibit the biphasic response, while changing NCX and NKA fluxes had proportionally opposite effects. **D**, In addition to augmenting the biphasic response to hypokalemia, increasing NCX~rev~ slowed Ca^2+^ transient decay at steady state.](res-126-889-g006){#F5}

![**Early afterdepolarization (EAD) generation during hypokalemia: mechanisms in ventricular cells.** **A**, In electrically stimulated ventricular and atrial myocytes, Ca^2+^ oscillations were commonly observed during the late phase of the Ca^2+^ transient, consistent with EAD generation (arrows, n~cells~=24, 16, 10 in ventricular, tubulated, untubulated atrial cells during 3-min hypokalemia). **B**, Patch-clamp recordings of action potentials (APs) confirmed the occurrence of EADs in ventricular cells during hypokalemia (7 of 9 cells from 5 hearts), which were prevented when Ca^2+^ was buffered by EGTA in the patch pipette (lower, 8 of 8 cells from 4 hearts). **C**, Mean changes in resting membrane potential (RMP) and delayed afterdepolarization (DAD) incidence (n~cells~=9 from 5 hearts). **D**, Proportion of cells exhibiting EADs. **E**, Steady-state K^+^ currents were reduced at negative potentials during hypokalemia (n~cells~=8, 7 in normo-, hypokalemia from 4, 4 hearts). **F**, Pairing AP recordings with Ca^2+^ imaging (fluo-4, confocal line-scans) revealed EADs associated with spontaneous Ca^2+^ release (left) or reactivation of L-type Ca^2+^ current (right). Statistics: (**A**): *z*-test; (**C**): paired *t*-test for RMP, Wilcoxon signed-rank test for DAD frequency; (**D**): *z*-test; (**E**): 2-way repeated measures ANOVA with Bonferroni correction (see Online Table III for full results). \**P*\<0.05 vs K~o~=5.0.](res-126-889-g007){#F6}

![**I~Kur~ maintains brief action potential (AP) configuration in untubulated atrial myocytes, promoting early afterdepolarization (EADs) driven by nonequilibrium I~Na~ during hypokalemia.** **A**, In tubulated atrial myocytes, hypokalemia-induced EADs were frequently associated with Ca^2+^ waves. **B**, Buffering of intracellular Ca^2+^ with patch pipettes containing 60 µmol/L EGTA reduced EAD incidence in tubulated cells. However, in untubulated cells, EADs remained present and were observed to be triggered during rapid AP repolarization from negative potentials (arrow). **C**, Incidence of EADs in tubulated and untubulated atrial myocytes (−EGTA: n~cells~=10, 14 from 7, 8 hearts; +EGTA: n~cells~=10, 11 from 6, 9 hearts). **D**, AP configuration in tubulated and untubulated atrial cells (n~cells~=21, 48 from 12, 20 hearts). **E**, EADs observed in hypokalemic, untubulated atrial myocytes were inhibited by rapid application of 1 µmol/L TTX (top) or 10 mmol/L caffeine (bottom). **F**, Short AP configuration in untubulated atrial myocytes was associated with larger outward steady-state K^+^ current than in tubulated cells (protocol described in Online Figure IIA; n~cells~=11, 22 in tubulated, untubulated from 6, 11 hearts). **G**, Top: steady-state current remained larger in untubulated cells after inhibition of I~TO~ (1 s prepulse to +50 mV, see Online Figure III; n~cells~=9, 9 in tubulated, untubulated from 5, 6 hearts), but not following addition of 50 µmol/L 4-AP to inhibit I~Kur~ (bottom, K~o~=5.0: n~cells~=6, 8 from 5, 4 hearts; K~o~=2.7: n~cells~=6, 6 from 4, 3 hearts). **H**, I~Kur~ inhibition prolonged APD~75~ in untubulated atrial cells during hypokalemia (n~cells~=7 from 3 hearts). **I**, Inclusion of AP waveforms in a mathematical model of the human atrial cardiomyocyte linked EADs triggered during Ca^2+^ quiescence to reactivation of nonequilibrium I~Na~, parallel involvement of a small, forward-mode NCX current (I~NCX~), and subsequent recruitment of L-type Ca^2+^ current. Statistics: (**C**): *z*-test; (**D**, **F**, **G**, **H**): 2-way ANOVA with Bonferroni correction. **D**, Difference in means: *P*=1.19×10^−3^ for tubulated vs untubulated, *P*=1.77×10^−7^ for K~o~=5.0 vs K~o~=2.7. **H**, Difference in means: *P*=0.114. Full results of (**F**) and (**G**) are presented in Online Tables IV and V. \**P*\<0.05 vs untubulated and †*P*\<0.05 vs K~o~=5.0.](res-126-889-g008){#F7}

![**Schematic overview**. Distinct mechanisms were observed to promote arrhythmogenesis in ventricular and atrial cardiomyocytes. DAD indicates delayed afterdepolarization; EAD, early afterdepolarization; NCX, Na^+^-Ca^2+^ exchanger; and NKA, Na^+^, K^+^-ATPase.](res-126-889-g009){#F8}

EADs Are Driven by Distinct Mechanisms in Subpopulations of Atrial Cardiomyocytes
---------------------------------------------------------------------------------

The above data indicate that the presence of t-tubules predisposes ventricular cardiomyocytes and tubulated atrial myocytes to developing Ca^2+^ waves during hypokalemia. While spontaneous Ca^2+^ release can drive DADs from resting potential and spontaneous APs, these events may also drive EADs if they occur during the repolarizing phase of the AP. Indeed, in field-stimulated ventricular cells, we observed that hypokalemia induced Ca^2+^ oscillations during the late phase of the Ca^2+^ transient which appeared to be consistent with EADs (Figure [6](#F6){ref-type="fig"}A, arrows in top). These events were even more frequent in atrial cells (68% of cells versus 33% ventricular cells; *P*=0.026 by z-test), and were common in untubulated atrial myocytes (Figure [6](#F6){ref-type="fig"}A, bottom) despite an absence of signs of Ca^2+^ overload and waves in these cells (described in Figure [1](#F1){ref-type="fig"}B).

We employed the patch-clamp technique to investigate the underlying mechanisms. In ventricular cells, current-clamp recordings (Figure [6](#F6){ref-type="fig"}B) confirmed that hypokalemia promoted marked hyperpolarization of resting membrane potential and a robust increase in the occurrence of both DADs and EADs (Figure [6](#F6){ref-type="fig"}C and [6](#F6){ref-type="fig"}D). In agreement with previous work,^[@R7]^ EADs manifested as stereotypical oscillations during the plateau phase of the prolonged AP during hypokalemia (AP duration=108±18, 162±34 ms in K~o~=5.0, 2.7, n=9, *P*=4.2×10^−3^ by Wilcoxon signed-rank test). AP prolongation was linked to decreased steady-state K^+^ currents at negative potentials, consistent with reduction of I~K1~ (Figure [6](#F6){ref-type="fig"}E; protocol presented in Online Figure IIA). Inclusion of 60 µmol/L EGTA in the patch pipette to buffer intracellular Ca^2+^ fully prevented EAD generation in ventricular myocytes (Figure [6](#F6){ref-type="fig"}B, lower panel, Figure [6](#F6){ref-type="fig"}D), indicating that these events are Ca^2+^ dependent. The Ca^2+^ dependence of EADs was further illustrated by pairing AP recordings with Ca^2+^ imaging by confocal linescans. Spontaneous Ca^2+^ release events observed during repolarization were temporally associated with the upstroke of EADs (Figure [6](#F6){ref-type="fig"}F, left). In other cases, EADs were associated with L-type Ca^2+^ channel re-opening, as evidenced by takeoff potentials clearly within the range for L-type activation, and a uniform increase in Ca^2+^ across the cell (Figure [6](#F6){ref-type="fig"}F, right).

Distinct mechanisms of EAD generation were observed in tubulated and untubulated atrial myocytes. Both types of atrial cells demonstrated significant membrane hyperpolarization during hypokalemia (tubulated cells: −11.5±1.2 mV, n=21; untubulated cells: −11.5±0.8 mV, n=48; *P*=3.38×10^−9^ and *P*=6.46×10^−18^, respectively, by paired *t*-test). As observed in ventricular myocytes, tubulated atrial cells exhibited an increased incidence of DADs during hypokalemia (0.047±0.007 events/s versus 0 in K~o~=5.0 mmol/L, *P*=0.044 by paired *t*-test), and EADs associated with spontaneous Ca^2+^ release events (Figure [7](#F7){ref-type="fig"}A). Buffering of intracellular Ca^2+^ with EGTA significantly reduced the occurrence of these EADs (Figure [7](#F7){ref-type="fig"}B, top, Figure [7](#F7){ref-type="fig"}C). In contrast, untubulated atrial myocytes showed no significant increase in DAD frequency during hypokalemia (0.063±0.021 events/second versus 0 in K~o~=5.0 mmol/L, *P*=0.069 by paired *t*-test), which paralleled measurements of Ca^2+^ wave frequency (Figure [1](#F1){ref-type="fig"}B). However, EADs were frequent in untubulated cells, even after treatment with EGTA to further ensure Ca^2+^ quiescence (Figure [7](#F7){ref-type="fig"}B, bottom, Figure [7](#F7){ref-type="fig"}C). Importantly, the EADs observed in these cells were triggered during phase-3 of the AP as the membrane potential rapidly repolarized (mean time to initiation=38±1 ms following AP peak), from membrane potentials below the activation range for L-type Ca^2+^ current (mean take-off potential=−50.9±0.4 mV, n=128 events from 10 cells). Rather, we observed that phase-3 EADs in untubulated atrial myocytes were rapidly inhibited by application of 1 µmol/L tetrodotoxin, consistent with triggering by I~Na~ (Figure [7](#F7){ref-type="fig"}E, upper). We observed that these EADs were also inhibited by rapid application of 10 mmol/L caffeine to inhibit Ca^2+^ release during the AP (Figure [7](#F7){ref-type="fig"}E, lower). This finding is in agreement with previous work indicating that inward NCX current generated by Ca^2+^ extrusion during the Ca^2+^ transient can collaborate with nonequilibrium I~Na~ to drive phase-3 EADs.^[@R14],[@R15]^

Triggering of phase-3 EADs by I~Na~ requires brief AP configuration, which allows rapid recovery of Na^+^ channels from inactivation.^[@R14],[@R15]^ Indeed, untubulated atrial myocytes, where I~Na~-driven EAD generation was most prominent, exhibited significantly shorter APs than their tubulated counterparts (Figure [7](#F7){ref-type="fig"}D; Online Figure VII). Rapid AP repolarization in untubulated cells was linked to larger outward K^+^ current, in comparison with tubulated atrial cells (Figure [7](#F7){ref-type="fig"}F; protocol described in Online Figure IIA). This difference remained present during hypokalemia and also when a voltage-clamp protocol was employed to inactivate I~TO~ (Figure [7](#F7){ref-type="fig"}G, upper; protocol described in Online Figure III). However, application of 50 µmol/L 4-AP, which selectively inhibits ultra-rapid K^+^ current (I~Kur~),^[@R20],[@R21]^ significantly reduced current only in untubulated atrial cells (Online Figure IIB and IIC). Remaining 4-AP-insensitive current was similar in tubulated and untubulated cells (Figure [7](#F7){ref-type="fig"}G, bottom, Online Figure IIIC), supporting that the larger outward K^+^ current observed in untubulated atrial myocytes is due to the exclusive presence of I~Kur~ in these cells. In keeping with this finding, 4-AP application was also observed to rapidly prolong AP repolarization in untubulated atrial myocytes, both in normo- and hypokalemic conditions (Figure [7](#F7){ref-type="fig"}H; Online Figure IID), but not ventricular cells (APD~50~=34.7±11.6, 29.3±7.1 ms in K~o~=2.7, K~o~=2.7+4-AP, n=8, *P*=0.41 by paired *t*-test).

The above findings suggest that the presence of I~Kur~ and a brief AP increases Na^+^ channel availability in untubulated hypokalemic atrial cells, allowing for phase-3 EADs driven by nonequilibrium reactivation of the fast I~Na~. To further examine this hypothesis, we introduced representative AP waveforms into a mathematical model of the human atrial cardiomyocyte.^[@R14]^ The model confirmed that the upstroke of the EAD was initiated by nonequilibrium I~Na~ reactivation and was paralleled by a small inward NCX current (Figure [7](#F7){ref-type="fig"}I). These I~Na~-driven events are only possible when AP configuration is very brief, and I~Na~ availability is greatest (Online Figure VIII). Indeed, we observed that prolonging AP repolarization in the model inhibited the generation of I~Na~-driven EADs (Online Figure IX). The model additionally demonstrated that hyperpolarization of the resting membrane potential during hypokalemia is also critical, as it further increases Na^+^ channel availability (Online Figure VIII). These findings support that the brief and hyperpolarized AP configuration is key to induction of phase-3 EADs in untubulated atrial myocytes during hypokalemia, while tubulated atrial and ventricular cells are susceptible to Ca^2+^-dependent EADs during phase 2. These mechanisms are summarized in Figure [8](#F8){ref-type="fig"}.

Discussion
==========

We have presently identified distinct mechanisms which promote triggered activity in ventricular and atrial myocytes exposed to hypokalemia. We observed that hypokalemia induces progressive Ca^2+^ overload and associated Ca^2+^ waves and DADs, both in ventricular cells and in a subpopulation of atrial cells which contain t-tubules. This effect is attributed to a functional coupling of NKA and NCX proteins within these structures, where inhibited Na^+^ extrusion by NKA slows Ca^2+^ removal by NCX and elevates SR Ca^2+^ content. Although untubulated atrial cells were not susceptible to DADs during hypokalemia, EADs were common. These events were found to be driven by nonequilibrium I~Na~, enabled by membrane hyperpolarization and a brief AP configuration which yielded rapid recovery of Na^+^ channels from inactivation. Prompt AP repolarization in untubulated atrial myocytes was linked to the presence of I~Kur~; a current observed to be absent in tubulated atrial cells. This mechanism is distinct from that which occurs in hypokalemic ventricular cells, where AP prolongation predisposes for EADs driven by reactivation of L-type Ca^2+^ current. Despite these differing mechanisms, our results show that lowered \[K^+^\]~o~ markedly increases susceptibility to afterdepolarizations in both cell types; actions which may contribute to an increased incidence of atrial and ventricular arrhythmias previously demonstrated in patients with hypokalemia.^[@R3],[@R4]^

Both atrial and ventricular cells show an early reduction in Ca^2+^ transient magnitude when \[K^+^\]~o~ is lowered, as the resting membrane potential becomes rapidly hyperpolarized.^[@R5],[@R6],[@R8],[@R31]^ This hyperpolarization favors forward-mode NCX function, leading to an initial reduction in SR Ca^2+^ content and release.^[@R5],[@R6]^ The subsequent rising phase of the biphasic response to hypokalemia is also dependent on NCX activity, as NKA inhibition slows removal of Ca^2+^ by NCX, leading to a progressive increase in SR Ca^2+^ content and release. We presently show that this secondary response requires t-tubules, as it was absent in untubulated atrial cells and detubulated ventricular cells (Figure [2](#F2){ref-type="fig"}D). It should be noted that we were not able to maintain viable atrial cells during the detubulation procedure, which is why experiments were instead performed with paired t-tubule imaging.

Previous work in ventricular cardiomyocytes has shown that NKA and NCX have higher activity in t-tubules than the surface sarcolemma, and that these currents balance each other within the two locations.^[@R19],[@R32]--[@R34]^ Our data support this view, as NKA and NCX activity were paired in the different cell types; overall activity of both transporters was the largest in ventricular cells, smallest in untubulated atrial cells, and intermediate in tubulated atrial cells (Online Figures IC and VIB). However, mathematical modeling showed that the mere presence of NKA and NCX at higher densities is not sufficient to elicit a biphasic response to hypokalemia (Figure [5](#F5){ref-type="fig"}C). In fact, altering the activity of the 2 transporters in parallel has opposing effects which cancel out. We instead show that there must be a close functional pairing of NKA and NCX within t-tubules, which enables sensing of a shared local Na^+^ pool. Indeed, tubulated cells exhibited progressive Ca^2+^ gain during hypokalemia without a detectable increase in global \[Na^+^\] measured by SBFI; a dye which we observed can report changes in \[Na^+^\] as small as 1 mmol/L (Online Figure VA).^[@R35]^ This effect did not occur in untubulated atrial cells despite a similar reduction in NKA current (Figure [4](#F4){ref-type="fig"}A). Furthermore, we observed that preferential blockade of NKA activity in t-tubules using low-dose ouabain^[@R19]^ did not increase global \[Na^+^\] (Online Figure VC) but inhibited the biphasic response in ventricular cells (Figure [3](#F3){ref-type="fig"}C). This suggests that ouabain-induced Na^+^ accumulation was sufficient to favor nearby reverse-mode NCX activity at baseline, limiting further Ca^2+^ entry during hypokalemia. In the absence of a shared local Na^+^ pool, mathematical modeling in fact predicted opposite effects of NKA blockade (Figure [5](#F5){ref-type="fig"}C). However, NCX-NKA crosstalk could be simulated by increasing the fraction of NCX operating in reverse mode, and this effectively slowed Ca^2+^ extrusion and augmented Ca^2+^ gain during hypokalemia (Figure [5](#F5){ref-type="fig"}A, 5B, and 5D).

Others have previously reported a close functional pairing of NCX and NKA, reliant on a shared local Na^+^ domain.^[@R19],[@R36],[@R37]^ A common explanation for these observations is that there is restricted diffusion of Na^+^ around NKA, creating a subsarcolemmal fuzzy space with higher local Na^+^ levels.^[@R19],[@R33],[@R36],[@R38],[@R39]^ It has been suggested that the α~2~ NKA isoform is particularly important in regulating \[Na^+^\] within this microdomain and thereby fine-tunes cardiac contractility.^[@R19],[@R40]^ However, recent super-resolution imaging data indicate that α~2~ is not positioned in closer proximity to ryanodine receptors than the α~1~ isoform.^[@R30]^ Instead, the authors proposed that the preferential localization of α~2~ within the t-tubules of ventricular cells is simply sufficient to enable local control of Na^+^ levels near NCX. Our present findings support this view, as imaging data in ventricular cells also showed preferential positioning of α~2~ within t-tubules (Figure [3](#F3){ref-type="fig"}A), and since α~2~ blockade inhibited NCX-mediated Ca^2+^ gain during hypokalemia (Figure [3](#F3){ref-type="fig"}C). However, we observed that even in the absence of the α~2~ isoform, the presence of α~1~ in atrial t-tubules was sufficient to mediate NKA-NCX crosstalk, and a biphasic response to hypokalemia was observed which persisted in the presence of low-dose ouabain (Figure [3](#F3){ref-type="fig"}C). Thus, our data support that NKA-NCX crosstalk is facilitated within t-tubules, but is not limited to the NKA α~2~ isoform.

In addition to driving Ca^2+^ waves and DADs, Ca^2+^ overload during hypokalemia has important implications for EAD generation. Ca^2+^ waves occurring during the repolarizing phase of the AP are a well-established driver of EADs, and we presently confirmed the robust presence of such events in hypokalemic ventricular and tubulated atrial cells. Previous work in ventricular myocytes has implicated a key involvement of CaMKII activation in triggering these events, as Ca^2+^-dependent activation of the kinase enhances late I~Na~ and Ca^2+^ current in a positive feedback loop.^[@R11]^ The increase in these currents prolongs the AP, enabling recovery of L-type Ca^2+^ channels from inactivation. In keeping with this mechanism, we observed L-type current-driven EADs in hypokalemic ventricular cells, characterized by uniform patterns of Ca^2+^ release across the cell and take-off potentials within the activation range of the current (Figure [6](#F6){ref-type="fig"}F). We further observed that EADs were absent in ventricular cells patch-clamped with EGTA-containing internal solution (Figure [6](#F6){ref-type="fig"}B and [6](#F6){ref-type="fig"}D). Reduction in several K^+^ currents is also reported to contribute to AP prolongation during hypokalemia.^[@R7]^ Indeed, we observed a marked reduction in K^+^ currents at negative potentials consistent with reduced I~K1~ and a tendency toward reduced current at positive potentials (Figure [6](#F6){ref-type="fig"}E). Thus, there are complex changes in Ca^2+^ handling and electrophysiology which promote EAD generation in hypokalemic ventricular cells, as summarized in Figure [8](#F8){ref-type="fig"}.

In contrast to EADs observed in hypokalemic ventricular cells and tubulated atrial cells, these events remained present in untubulated atrial cells when cytosolic Ca^2+^ was buffered by EGTA (Figure [7](#F7){ref-type="fig"}B and [7](#F7){ref-type="fig"}C). Both our experimental and modeling data indicated that these EADs were generated during phase-3 of the AP when membrane hyperpolarization and short AP duration increased Na^+^ channel availability and enabled recruitment of nonequilibrium current (Figure [7](#F7){ref-type="fig"}I; and Online Figures VIII and IX). Others have previously shown that short APs, such as those present in mouse ventricular cells^[@R15]^ or human atrial cells,^[@R14],[@R41]^ are similarly prone to EADs triggered by nonequilibrium I~Na~, under conditions where I~Na~ availability is comparable to that presently observed (Online Figure VIIID). In keeping with a key role of I~Na~ in triggering phase-3 EADs, we observed that these events were rapidly blocked by tetrodotoxin treatment (Figure [7](#F7){ref-type="fig"}E). Notably, previous work has shown that NCX-mediated Ca^2+^ removal and current during the peak of the Ca^2+^ transient can be synchronized with reactivation of I~Na~, leading to synergistic depolarization and triggering of a phase-3 EAD.^[@R14],[@R15]^ Our present work supports this view, since inhibition of triggered Ca^2+^ release by caffeine treatment blocked phase-3 EAD generation experimentally (Figure [7](#F7){ref-type="fig"}E). Our AP clamp simulations also showed that a small inward NCX current was temporally aligned with nonequilibrium I~Na~ (Figure [7](#F7){ref-type="fig"}I).

Further investigation indicated that the brief AP was maintained in untubulated atrial cells by the presence of I~Kur~; a current which activates rapidly upon depolarization and is resistant to inactivation. Indeed, rapid application of 50 µmol/L 4-AP, which selectively blocks I~Kur~,^[@R20],[@R21]^ resulted in abrupt protraction of early AP repolarization (Figure [7](#F7){ref-type="fig"}H; Online Figure IID). Interestingly, I~Kur~ was observed to be absent in tubulated atrial and ventricular myocytes (Online Figure IIB and IIC), despite robust expression of K~v~1.5 in both the atria and ventricles (Online Figure X). The reason for this apparent mismatch between channel expression and current in ventricle is unclear but seems to be in keeping with previous observations in rat myocardium (reviewed in study by Ravens et al^[@R42]^). Previous work has indicated that expression of K~v~1.5 channels is largely restricted to the intercalated disk region of ventricular myocytes, while in atrial myocytes there is also significant localization longitudinally along the surface membrane.^[@R43],[@R44]^ It is unclear if these channels have a different function at these sites, distinct from carrying I~Kur~.^[@R43]^ In contrast, the presence of K~v~1.5 and I~Kur~ in atrial myocytes is well established, and there has been considerable recent interest in employing I~Kur~ blockade for the treatment of atrial fibrillation, aimed at prolonging the AP and refractory period and reducing the risk of reentry (reviewed in study by Ravens^[@R45]^). Our results suggest that I~Kur~ blockade may be particularly beneficial in patients with hypokalemic atrial fibrillation, where brief APs are expected to favor both triggered and reentrant arrhythmia.

Taken together, the present results suggest that while ventricular myocytes are susceptible to Ca^2+^ overload-induced afterdepolarizations during hypokalemia, such overactivity in atrial cells is limited to those cells which contain t-tubules. We expect this mechanism of EAD and DAD generation to be particularly prominent in the atrial epicardium, where cells are the most frequenty tubulated.^[@R12]^ Untubulated myocytes, which are predominantly localized in the endocardium,^[@R12]^ are nevertheless prone to EADs during Ca^2+^ quiescence, due to the presence of I~Kur~ and short AP configurations. We speculate that elevated risk of atrial fibrillation in patients with hypokalemia^[@R4]^ may reflect these proarrhythmic mechanisms. Such a cause-and-effect relationship seems to be supported by recent clinical results showing that K^+^ infusion can revert patients with hypokalemic atrial fibrillation to sinus rhythm.^[@R46]^ These findings underscore an emerging role for K^+^ homeostasis in maintaining electrical stability of both the ventricles and atria.
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Novelty and Significance
========================

What Is Known?
--------------

-   Hypokalemia is a common electrolyte disturbance particularly in hospitalized patients and is associated with higher mortality rates as well as elevated risk of both ventricular and atrial fibrillation.

-   In ventricular fibrillation, the association with hypokalemia has been attributed to the direct effects of reduced extracellular potassium levels on ventricular myocytes, as it promotes development of calcium overload and associated electrical instability (early and delayed afterdepolarizations).

-   It has been unclear whether a similar mechanistic relationship exists in atrial myocytes, linking hypokalemia to increased risk of atrial fibrillation.

What New Information Does This Article Contribute?
--------------------------------------------------

-   We observed that calcium overload and accompanying calcium waves/delayed afterdepolarizations are robustly induced in hypokalemic ventricular cells, and in a subpopulation of atrial cells that contain t-tubules; membrane invaginations where calcium extrusion is slowed during hypokalemia.

-   However, in untubulated atrial cardiomyocytes, hypokalemia induces early afterpolarizations due to sodium current reactivation, enabled by brief action potentials and membrane hyperpolarization.

-   This important mechanistic distinction seems to hinge on the exclusive presence of ultra-rapid K^+^ current (I~Kur~) in untubulated atrial cells, which maintains brief action potential configuration.

Why do hypokalemic individuals have a higher risk of developing atrial fibrillation? Our results show that lowered extracellular potassium levels in the physiological range predispose atrial myocytes to electrical instability. We demonstrate two distinct mechanisms, depending on the presence or absence of t-tubules in these cells. Since t-tubule density varies across the atrium, our findings suggest that there may be complex regional differences in arrhythmia generation during hypokalemia. Furthermore, the realization that untubulated atrial myocytes develop over-activity by a mechanism which is distinct from the ventricle suggests that ventricular and atrial fibrillation may be differentially targeted by tailored treatments. Indeed, hypokalemic individuals with atrial fibrillation may constitute a unique patient pool that would benefit from personalized therapy. Given the atria-specific role of I~Kur~, our results suggest that existing I~Kur~ inhibitors may be of unrealized benefit in this group of patients. Alternatively, potassium infusion may be considered as recent results indicate that this treatment can revert hypokalemic atrial fibrillation patients to sinus rhythm. These findings support a growing appreciation of the role of potassium homeostasis in maintaining electrical stability of both the ventricles and atria.
